Abstract: In this work, the β-stable region for Z ≥ 90 is proposed. The calculated β-stable nuclei in the β-stable region are in good agreement with the ones obtained by Möller et al.. The half-lives of the nuclei close to the β-stable region are calculated and the competition between α-decay and β-decay is systematically investigated. The calculated half-lives and the suggested decay modes are well in line with the experimental results. The predictions for half-lives and decay modes of the nuclei with Z = 107−110 are presented.
Introduction
After Becquerel discovered nuclear radioactivity in 1896, scientists began to investigate nuclear decay and found several decay modes. α-decay and β-decay are two of the most important decay modes. α-decay was first explained by Rutherford in 1908 [1] . In the 1930s, Fermi proposed the basic theory of β-decay [2] . From then on, α-decay and β-decay have been widely studied theoretically and experimentally [3] [4] [5] [6] [7] [8] [9] [10] , and a large number of research results and publications have come out. Generally speaking, α-decay mostly occurs in heavy and superheavy nuclei, while β-decay can occur throughout the whole periodic Table. In the early stage of the development of nuclear physics, scientists could only study the properties of the nuclei very close to the β-stable line. As a result, many nuclear phenomena, laws, formulae, methods, and models were based on the long-lived nuclei or stable nuclei close to the β-stable line. It is much easier to find and synthesize new nuclei close to the β-stable line. Nowadays, with the development of radioactive nuclear beams, many nuclei far from the β-stable line have been studied. Many new experimental phenomena have been discovered. At present, the stable nuclei with Z < 83 are very clear and definite. On the other hand, most nuclei beyond Z = 83 are unstable, and their half-lives are usually short. In this article, the β-stable region for Z ≥ 90 will be proposed. The half-lives of the nuclei close to the β-stable region will be calculated and the competition between α-decay and β-decay will be investigated. Then the decay modes can be suggested by the results of competition.
This article is organized in the following way. In Sec. 2, the β-stable region for Z ≥ 90 is proposed. In Sec. 3, the half-lives of the nuclei close to the β-stable region are calculated and the competition between α-decay and β-decay is studied. A summary is given in Sec. 4.
The β-stable region for Z ≥ 90
The β-stable line for Z < 83 has been well studied by physicists. For heavy and superheavy nuclei with Z ≥ 90, most of them can occur α-decay and β-decay simultaneously, and their half-lives are usually short. For this reason, it is more important to study the β-stable region than to study the β-stable line for these heavy and superheavy nuclei. In this section, we investigate the boundary of the β-stable region based on a successful binding energy formula.
To accurately measure and calculate the ground-state nuclear binding energies (or masses) is an important goal of nuclear physicists. The binding energy plays a crucial role for the nuclear stability on β-decay, α-decay and spontaneous fission of heavy-mass region with Z ≥ 90.
In Ref. [11] , Dong and Ren proposed a binding energy formula for heavy and superheavy nuclei. One can accurately reproduce the binding energies for the known heavy and superheavy nuclei with this formula. This formula is useful for accurately estimating the binding energies of unknown superheavy nuclei. Its form is the following:
(1) The best fit parameters are
The coefficients of the pairing energy are
The mass formula has the form:
where
The decay energies of β − -decay and β + -decay can be written as:
where 2m e = 1.022 MeV. From the Eqs. (1), (4), (5) and (6), we get: In figure 1 , the two curves denote the limits of β − -decay and β + -decay, respectively. They are almost parallel. The calculated β-stable region is a long and narrow region between the two curves. According to the calculations, the nuclei above the calculated β-stable region can occur β − -decay and the nuclei below the region can occur β + -decay. The nuclei in the β-stable region are the possible β-stable nuclei. Because there are few experimental data, we compare our calculated results with the results given by Möller et al. [12] . The comparison between our calculated results and Möller's results are shown in table 1. In table 1, the calculated possible β-stable nuclei and the results calculated by Möller et al. [12] are listed in the second and the third columns, respectively. The mass numbers with # denote that the nuclei with these mass numbers are β-stable nuclei by estimated from systematic trends in neighboring nuclei. Our calculated results show that there are several (from six to nine) β-stable nuclei in each isotopic chain and they are continuous in their isotopic chain. For even Z, the two results are almost the same. On the whole, the range by Möller The corresponding β-stable nuclei calculated by Möller et al. [12] are listed for comparison.
In figure 2 , the hollow squares denote the possible β-stable nuclei obtained by our calculations, and the dark circles are the ones from Möller's results. For even Z, the β-stable nuclei obtained from Möller's results almost cover the calculated β-stable nuclei. For odd Z, except Z = 123, 125, the β-stable nuclei obtained from Möller's results are included in the calculated β-stable nuclei. It is in line with the above discussions.
In the previous section, the β-stable region for Z ≥ 90 has been proposed. Most nuclei with Z ≥ 90 can occur α-decay, β-decay and spontaneous fisson simultaneously. In this section, we will calculate the half-lives of the nuclei close to the calculated β-stable region, and study the competition between α-decay and β-decay of them. It is a very interesting topic. There are plenty of experimental half-lives and the decay modes of many nuclei are very explicit in this region. The calculated results can be compared with these experimental data and the reliability of the calculated results can be tested. On the other hand, the predictions are useful for quickly estimating the decay modes and half-lives of future superheavy experiments. Before calculating the half-lives, we firstly introduce several successful formulae for calculating.
α-decay is a very general decay mode for the ground states of heavy and superheavy nuclei. In Ref. [13] , Ni et al. proposed a unified formula of half-lives for α-decay and cluster radioactivity. For α-decay, it is written as: β-decay is also a very important decay mode for richneutron or rich-proton nuclei. For β − -decay, in Ref. [14] , Zhang et al. proposed a reliable formula to calculate the β − -decay half-lives. It is written as: For β + -decay, in Ref. [15] , Zhang et al. proposed a similar formula to the Eq. (10). It is written as:
For different order (the allowed β + -transition, the first and the second forbidden β + -transition), the parameters are different. The even-odd effect has been taken into account in the above equation. The best fit parameters are displayed in table 2. For a given proton number Z, we select ten continuous isotopes nearest to the top and bottom of the β-stable region, respectively. Thus there are 20 nuclei for each isotopic chain. Because only the half-lives of the allowed β + -transition, the first and the second forbidden β + -transition can be calculated by the Eq. (12), the nuclei with higher forbidden β + -transition are not included. Because the formula (9) can only calculate the half-lives of the nuclei with Z ≥ 84 and N ≥ 128, the nuclei with N < 128 are not included also. So the number of the calculated nuclei of each isotopic chain may be less than 20. We calculate the half-lives of the nuclei from Z = 90 to Z = 126, and predict the decay modes of them. Because the calculated data are too many, we firstly compare the calculated results with the available experimental data [16] . The selected region for comparison is from Z = 90 to Z = 103, because there are many experimental data in this region. The results are listed in table 3. Table 3 :
The comparison of the half-lives and decay modes between the calculated results and the experimental data by Audi et al. [16] from Z = 90 to Z = 103. Here C = log 10 (T cal The calculated half-lives are obtained from the formulae (9), (10) and (12) . When using the formula (9) to calculate half-lives of α-decay and β + -decay, we need α-decay energies Q α , spins and parities. Here, All the values of Q α are taken from Ref. [16, 17] . If there are no experimental data, we use the calculated data obtained by Möller et al. [12] . The calculated α-decay half-lives and the calculated β-decay (including β − -decay and β + -decay) half-lives (in seconds) are listed in the third and the fourth columns in table 3. The fifth column is the calculated decay modes and intensities (in %). The decay mode can be regard as a competition between α-decay and β-decay. Here we define a symbol R to denote the ratio of α-decay half-life and β-decay half-life. It is defined as:
. If the α-decay half-life is shorter than the β-decay half-life by 100 times (i.e. R < 0.01) in a nucleus, we can say the decay mode of this nucleus is α-decay. If the α-decay half-life is longer than the β-decay half-life by 100 times (i.e. R > 100) in a nucleus, we can say the decay mode of this nucleus is β-decay. If 0.01 < R < 100, the decay mode can be regard as a coexistence state of both α-decay and β-decay, and we use the symbol α + β + to denote the coexistence state of both α-decay and β + -decay. The sixth and seventh columns are the experimental decay modes and intensities (in %) and half-lives. The data marked with # denote the values from systematic trends in neighboring nuclei. The symbol C in the last column is the ratio of calculated half-life and experimental one, and it is in the form of C = log 10 (T cal 1/2 /T expt 1/2 ). The nuclei which do not have explicit experimental decay modes and intensities (in %) are not included in table 3. There are alto-gether 91 nuclei. It can be seen that the predicted decay modes are in excellent agreement with the experimental ones. There are only six nuclei whose decay modes are not in line with the predicted decay modes. The proton numbers and the mass numbers of these six nuclei are marked in bold italic type in table 3. It indicates that the predicted decay modes in this region are reliable. For the ratios of calculated half-lives and experimental ones, the values of C are mostly between 1.0 and −1.0. This means that the most differences between calculated halflives and experimental ones are less than 10 times. It is a good approximation. Usually, if the differences between theoretical half-lives and experimental ones are less than 10 3 times, it can be said that the results are satisfactory. So we can say the calculated half-lives in this region are in good agreement with the experimental data.
After having compared the calculated results with the experimental data from Z = 90 to Z = 103, we predict some half-lives and decay modes for some heavier proton number Z. Synthesizing superheavy nuclei is a hot topic of nuclear physics. At present, Chinese physicists are endeavoring to synthesize some superheavy nuclei around Z = 110, and they have obtained some successful results [18] . Next, we select the region from Z = 107 to Z = 110 to make some predictions. There are many researches in this region [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . We hope that our predictions will be useful for future experiments on heavy and superheavy nuclei. Because there are almost no explicit spins and parities for the nuclei with Z ≥ 107 except even-even nuclei, it is difficult for us to judge the orders of β + -decay. When using the formula (12) to calculate half-lives of β + -decay, we suppose all the orders of β + -decay are the first β + -transition for simplifying the calculations. The calculated results are listed in table 4. In table 4, the calculated half-lives and the suggested decay modes of the nuclei from Z =107 to Z = 110 can be clearly seen. The available experimental half-lives of α-decay are listed in the sixth column, and the corresponding references are also listed there. The symbol D in the last column is the ratio of calculated half-life of α-decay and experimental one, and it is in the form of
For β − -decay, the values of half-life vary from 10 1 s to 10 5 s for all Z. The nearer the nuclei are close to the β-stable region, the longer their half-lives are. For β + -decay, on the whole, it is similar to the case of β − -decay. For α-decay, the half-lives of α-decay approximately vary from 10 −4 s to 10 16 s in this region. The half-life of α-decay of a nucleus above the β-stable region is much longer than its half-life of β − -decay on the whole. Thus the nuclei above the β-stable region occur β − -decay mainly. However, for most nuclei below the β-stable region, their half-lives of α-decay are slightly less than the ones of β-decay. So the decay modes of these nuclei are mainly α or α + β + -decay. There are 18 experimental half-lives of α-decay in this region. It can be seen that the calculated half-lives of α-decay are in agreement with the experimental ones. Except for 270 Mt (D = 0.07), the values of D vary from 0.18 to 4.18. It is a good approximation. It must be pointed out that the half-life is very sensitive to the α-decay energy. A small change in α-decay energy will lead to a very large difference in half-life. There are few experimental α-decay energies in this region, and most α-decay energies used for calculation are the estimated data [17] or the calculated results [12] . To clearly understand the competition between α-decay and β-decay of the nuclei close to the calculated β-stable region, we draw the predicted decay modes from Z = 90 to Z = 126 in figure 3 . In figure 3 , one can clearly see the decay modes of the nuclei close to the calculated β-stable region. The dark asterisks denote α-decay. The dark circles denote α and β-decay. The hollow circles denote β-decay. The decay modes are mostly β − -decay above the β-stable region. Especially for Z ≤ 111, all the decay modes are β − -decay. The decay modes are very complex below the β-stable region. All the three cases of decay mode can occur from Z = 90 to Z = 126. It indicates that the competition between α-decay and β-decay is very complex and drastic below the β-stable region. It can be seen that the nuclei above the β-stable region can occur α-decay and β − -decay (α+β − ) simultaneously when Z ≥ 112. It is a very interesting phenomenon, because there is not the decay mode of α+β − according to experimental results by Audi et al. for all Z.
Conclusions
In summary, we propose the β-stable region for Z ≥ 90. The predicted β-stable nuclei in the calculated β-stable region are in good agreement with the ones obtained by Möller et al.. We calculate the half-lives of the nuclei close to the calculated β-stable region and systematically study the competition between α-decay and β-decay. The calculated half-lives and the suggested decay modes are in good agreement with the experimental results from Audi's Table. The predictions for half-lives and decay modes of the nuclei with Z = 107−110 are presented. We draw the predicted decay modes from Z = 90 to Z = 126 in a figure. We find the nuclei above the β-stable region can occur α-decay and β − -decay (α + β − ) simultaneously when Z ≥ 112. It is a very interesting phenomenon. The competition between α-decay and β-decay is very complex and drastic below the β-stable region. The calculated results on the half-lives and the decay modes of the nuclei close to the calculated β-stable region are useful for the future experiments on heavy and superheavy nuclei.
5 References
